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We show that the finite lateral sizes of ultrathin CdSe nanoplatelets strongly affect both their
photoluminescence and optical absorption spectra. This is in contrast to the situation in quantum
wells, in which the large lateral sizes may be assumed to be infinite. The lateral sizes of the
nanoplatelets are varied over a range of a few to tens of nanometers. For these sizes excitons
experience in-plane quantum confinement, and their center-of-mass motion becomes quantized. Our
direct experimental observation of the discretization of the exciton center-of-mass states can be well
understood on the basis of the simple particle-in-a-box model.
Cadmium selenide nanoplatelets (CdSe-NPLs) are
solution-processable two-dimensional semiconductor
nanomaterials which are grown with an atomically
precise thickness [1, 2], see Fig. 1(a) and (b). They
receive considerable attention due to promising optical
properties for optoelectronic applications, including
strong optical oscillator strength [3], large exciton
binding energy [3–5], weak exciton-phonon coupling [4],
high photoluminescence (PL) quantum yield [6], efficient
two-photon absorption [7–9], and lasing [7, 10, 11].
The steady-state optical absorption spectrum exhibits
well-resolved peaks due to the formation of heavy-hole
(HH) and light-hole (LH) excitons, see Fig. 1(c). The
energy at which the HH and LH peaks appear in the
optical absorption spectrum, as well as the PL energy,
strongly depend on the NPL thickness, Lz in Fig. 1(a),
which is of the order of a nanometer [1, 12]. Hence, in a
NPL excitons are strongly quantum confined along this
(vertical) direction.
Besides the atomically precise thickness, the lateral
sizes of CdSe-NPLs, Lx and Ly in Fig. 1(a), can also
be tuned from a few to tens of nanometers by varying
the synthesis procedure [13]. The strong vertical and
weak, intermediate or strong in-plane quantum confine-
ment regimes [14, 15] make the optical properties of NPLs
to be in between those of quantum wells (with lateral
sizes exceeding microns or larger) and quantum dots.
Experimentally, reducing the lateral sizes of CdSe-NPLs
has been reported to blue shift and narrow the optical
absorption and PL peaks [12, 13, 16], decrease the ab-
sorption cross section [17] and affect the optical gain and
amplified spontaneous emission [17–21].
An interesting peculiarity, commonly observed in the
absorption spectrum of CdSe-NPLs, is the asymmetric
shape of the HH exciton peak which exhibits a tail at
the side of higher photon energy, see Fig. 1(c), whose
explanation has been inconclusive. It has for instance
been ascribed to fluctuations in the confining potential
of NPLs that lead to localization and consequently an
increased energy of the excitons [3, 5, 10, 22], or to
internally excited exciton states [23, 24]. As depicted
FIG. 1. (a) Scheme of a nanoplatelet. The exciton center-of-
mass motion is influenced by the lateral sizes Lx and Ly. (b)
TEM images of the investigated CdSe-NPLs. (c) Photolumi-
nescence (dashed lines) and optical absorption (solid) spectra
for samples in (b). The absorption peaks at low and high
energies are due to HH and LH excitons, respectively.
in Fig. 1(a), excitons have a Bohr radius much smaller
than the lateral dimensions of a NPL. Hence, the centre-
of-mass (COM) translational motion in the plane of a
ar
X
iv
:2
00
7.
08
35
9v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
16
 Ju
l 2
02
0
2Sample Lavgx L
avg
y Area rl
(nm) (nm) (nm2)
S5 29.3± 3.3 5.4± 0.8 159 5.4
S4 26.1± 3.3 6.4± 1.1 167 4.1
S3 25.4± 2.9 8.1± 0.9 204 3.2
S1 13.7± 2.2 13.4± 1.9 183 1.0
TABLE I. Average lateral sizes (Lavgx , L
avg
y ), area and aspect
ratio, rl, of the CdSe-NPLs samples. Samples are labeled
based on their aspect ratio.
NPL must also be considered, and photoexcitation to
COM motional states with nonzero in-plane momentum
can indeed give rise to the high-energy tail of the HH
exciton peak. Until now, however, this COM motion
of an exciton has not yet been invoked to explain the
PL and absorption spectra. The finite lateral size of
NPLs then also affects the COM energy of excitons,
as discussed by Richter [15]. The presence of these
states has also been invoked to explain the exciton
dynamics probed by transient resonant four-wave mixing
[3] and transient PL spectra at temperatures below
200 K [25, 26]. The latter exhibits two PL peaks with
a lateral size-dependent energy difference of tens of
millielectronvolts. Nonetheless, these PL peaks have
also been explained by considering phonon-replicas [27].
In this Letter, we directly observe the discretized
center-of-mass states of excitons from the lateral size
dependence of experimental PL and optical absorption
spectra of CdSe-NPLs. Both spectra are simultaneously
interpreted and accurately modeled by considering
the in-plane COM motion of excitons. In particular,
quantum effects of spatial lateral confinement explain
the size dependence of both the PL and absorption peak
positions and widths. Our work provides an explanation
of the hitherto open problem of understanding the effects
of lateral size of NPLs on the properties of excitons. It
can now be understood how variation of the lateral size
of (quasi) two-dimensional materials provides a tool to
continuously tune their optical properties, in addition to
the discrete changes by adjustment of the thickness.
Four samples of CdSe-NPLs with a thickness of 4.5
monolayers (Lz ' 1.4 nm [4]) and different average lat-
eral sizes were synthesized by following Ref. [13], see Sup-
plemental Material Sec. I. The average lateral sizes (Lavgx ,
Lavgy ) were determined from Transmission Electron Mi-
croscopy (TEM) images, as shown in Fig. 1(b), by as-
suming a Gaussian size distribution, see Fig. SM1 in the
Supplemental Material. The results are shown in Ta-
ble I, together with the NPL areas and aspect ratios
rl ≡ Lavgx /Lavgy . The samples are labeled based on their
aspect ratio (first column in Table I). The data presented
in this work are obtained from PL and optical absorption
ensemble measurements on NPLs dispersed in hexane.
Fig. 1(c) shows the dependence of PL (dashed lines)
and absorption spectra (solid) on the NPL size. Spectra
are normalized for comparison. Two clearly distinguish-
able absorption peaks are related to HH and LH exciton
states. In agreement with Refs. [13, 16], by decreasing
the aspect ratio, we observe: (i) a red shift of all fea-
tures, (ii) decrease of the PL linewidth, (iii) decrease of
the Stokes shift, and (iv) increase of the asymmetry (tail
at the high-energy side) of the HH exciton peak. As men-
tioned above, the (iv)-th observation may be related to
the presence of phonon replicas [27]. However, the lat-
ter cannot be dominant, since the small Stokes shifts in
Fig. 1(c) imply weak exciton-phonon coupling. In addi-
tion, phonon replicas also give rise to a strong asymmetry
at the low energy side of the PL peak, in contrast to the
data in Fig. 1(c).
In order to interpret and explain the observations listed
above, we now consider COM exciton states and their
change with the lateral dimensions of the NPLs. Since
the NPL thickness Lz is smaller than the bulk exci-
ton Bohr radius, a3DB = 5.4 nm [16], excitons experi-
ence strong quantum confinement along the z-direction
[14, 15, 28]. This strong confinement increases the ex-
citon binding energy and reduces the Bohr radius to a
quasi-2D value, a2DB = 1.8 - 4.1 nm [4, 16, 29], which is
smaller than the lateral sizes of the NPLs investigated
in this work. Hence, excitons in a NPL are described
by approximately factorizing their perpendicular and in-
plane wave functions as [14, 15, 30]: Ψ(ze, zh, r,R) '
uenz (ze)u
h
nz (zh)ψ
rel(r)ψCOMnx,ny (R), where ze,h are the co-
ordinates of electrons (e) and holes (h) perpendicular to
the plane of the NPL, r = re − rh and R = (mere +
mhrh)/(me +mh) are the relative and COM coordinates
in the plane of the NPL, respectively, with me (mh) being
the electron (hole) effective mass, me + mh = M is the
total exciton mass, while ni are quantum numbers along
the i-th direction. The wave functions ue,hnz give rise to
a confinement energy of both the electron and the hole
of Ez = E
e
nz=1(Lz) + E
h
nz=1(Lz) = pi
2~2/(2µL2z), where
µ = memh/(me + mh) is the reduced effective mass of
FIG. 2. Energy shift for HH (left) and LH (right) exciton
absorption peaks from Fig. 1(c) as a function of the small
lateral size Ly. This shift is considered with respect to the
HH and LH energies of sample S1. Shaded areas are energy
ranges obtained from Eq. (1) with Lx between 10 and 35 nm.
3FIG. 3. Fits (black lines) of experimental photoluminescence spectra (coloured thick lines) from our CdSe-NPLs with different
lateral sizes (see Table I). Our model considers the contribution of different exciton COM motional states (thin dashed coloured
lines), with quantum numbers n = (nx, ny), whose energy and oscillator strength are influenced by the size distribution [Eq. (1)
and (3)].
the e-h pair. The wave function ψrel(r) describes the
relative or internal exciton wave function, which can be
obtained by using the appropriate Coulomb potential.
The COM wave function ψCOMnx,ny (R) is obtained by using
the particle-in-a-box potential, resulting in COM exciton
states with energy:
Enx,ny (Lx, Ly) =
pi2~2
2M
[(nx
Lx
)2
+
(ny
Ly
)2]
. (1)
For convenience, in what follows we use the notation L =
(Lx, Ly) and n = (nx, ny), so that the dependence of the
energy in Eq. (1) on the lateral size and quantum number
is denoted as En(L).
The validity of our approach is first verified by focus-
ing on the energy shift of the HH and LH absorption
peaks, as the small lateral size (Ly) is varied, as shown
in Fig. 2. This shift is considered from the exciton peak
energies (for HH and LH) of the larger NPLs (sample
S1, green dots). Vertical and horizontal bars depict
the indetermination of the experimental peak energies
and Ly, respectively. The shaded area represents the
range of calculated energies from Eq. (1) with n = (1, 1),
me = 0.27m0, the HH mass mhh = 0.45m0, the LH
mass mlh = 0.52m0 [31], and Lx between 10 and 35 nm.
The agreement between the calculated and experimental
energy shift is a clear evidence of the role of spatial
lateral confinement on the exciton COM motion.
According to the particle-in-a-box model, the COM
wave function for the in-plane motion of an exciton is
given by:
ψCOMnx,ny (x, y) =
√
4
LxLy
sin
(nxpix
Lx
)
sin
(nypiy
Ly
)
. (2)
The oscillator strength for photoexcitation from the elec-
tronic ground state is non-zero only for odd values of both
nx and ny, and is proportional to [30]:
fn(L) =
∣∣∣ ∫ Lx
0
∫ Ly
0
dxdy ψCOMnx,ny (x, y)
∣∣∣2 = 4LxLy
pi4n2xn
2
y
. (3)
The oscillator strength described by Eq. (3) is in line
with the experimental observation of an enhanced
absorption cross section for larger NPLs [17]. Moreover,
the inverse-square dependence on n agrees with the
observed asymmetry at the high energy side of the HH
exciton absorption peak, as shown in Fig. 1(c).
To model PL and absorption spectra of an ensemble
of NPLs, it is essential to average over the known pop-
ulation distribution D(L) of CdSe-NPLs in the sample,
which is a Gaussian distribution reported in Fig. SM1 of
the Supplemental Material. PL spectra are due to pho-
ton emission from HH excitons in COM motional states
with quantum numbers n = (nx, ny). This leads to the
following expression for the PL intensity at photon en-
ergy ~ω:
IPL(~ω) =
∑
n
∫
dLD(L)fn(L)e
−~ω/kBT
· V (~ω − EHH − EHHn (L); ΓHH(~ω), σHH) . (4)
The exponential factor is due to the classical Maxwell-
Boltzmann (MB) distribution over thermalized COM
motional states. The broadening of each of these
states is modelled by the Voigt distribution [23, 25],
V (~ω − E0; ΓHH(~ω), σHH), centered at E0 = EHH +
EHHn (L), where E
HH is the exciton state with zero COM
energy, which is determined also by the z-confinement
and Stokes shift. The term EHHn (L) is calculated
from Eq. (1). ΓHH and σHH are the linewidths of the
Lorentzian and Gaussian distribution defining V, respec-
tively. The former accounts for the exciton-phonon inter-
action which, according to the Urbach rule [32], is given
by: ΓHH(~ω) = ΓHH0 /(e[E
HH+EHHn (L)−~ω]/kBT +1). σHH is
here attributed to the inhomogeneous broadening due to
structural, size-independent disorder; e.g. non-flatness of
NPLs, effects of surface ligands on the NPLs, or to the
deviation of the shape of the NPLs from perfect rectan-
gles. The only fit parameters for modeling PL spectra
from Eq. (4) for all samples are EHH, ΓHH0 , and σ
HH.
4FIG. 4. Fits (black lines) of our model given by Eqs. (5), (6)
and (7) to the experimental absorption spectra. The presence
of exciton COM motional states, n = (nx, ny) (depicted by
coloured thin lines), and their dependence on the lateral sizes
of the NPLs, explains and reproduces the change in the asym-
metry at the high-energy side of the HH absorption peak.
Fig. 3 shows the obtained PL fits (black thin lines)
which agree very well with the experimental spectra
(thick colored lines) for every sample. The fits are
obtained with ΓHH0 = 26± 1 meV and σHH = 14± 1 meV
for all samples. The contribution of different states is
also depicted (thin lines). For rectangular NPLs (rl > 1),
besides the main PL from (1,1) states, the contribution
at higher energies is due to (3,1) (magenta) and (5,1)
(grey) states. The small contribution from the (5,1)
states is due to the decrease of the oscillator strength
with n, see Eq. (3), as well as to the MB distribution.
Due to the square shape of the NPLs in the S1 sample
(rl = 1), the (3,1) and (1,3) (cyan) states contribute
with a similar oscillator strength and energy. Since ΓHH0
and σHH are the same for all samples, the decreasing
experimental PL linewidth, by going from sample S5 to
sample S1, is explained by a reduction of the effects of
the lateral size distribution of the NPLs via D(L) and,
in turn fn(L).
The exciton absorption is modeled similarly to the PL
and is given by:
AJ(~ω) =
∑
n
∫
dLD(L)fn(L)
· V (~ω − EJ − EJn(L); ΓJ(~ω), σJ) , (5)
where J = HH, LH. Note, that the MB distribution does
not appear in Eq. (5), since the initial state for absorption
is the electronic ground state of a NPL. Transitions from
the valence to the conduction band (continuum) need
also to be taken into account and are calculated as:
CJ(~ω) =
∑
n
∫
dLD(L)fn(L)
·
∫ ∞
−∞
d0 V
(
~ω − 0; ΓJc (~ω), σJc
)
·Θ (0 − EJX − EJ − EJn(L)) ,
(6)
where ΓJc and σ
J
c are the Lorentzian and Gaussian
linewidths of the continuum, respectively, Θ(x) is the
step-function (that is, Θ(x) = 1 for x > 0 and zero oth-
erwise), and EJX is the exciton binding energy, which is
defined to be positive. By means of Eqs. (5) and (6), the
absorption due to all above-mentioned states is:
IAbs(~ω) = aHHAHH(~ω) + aLHALH(~ω)
+ cHHCHH(~ω) + cLHCLH(~ω), (7)
where each contribution is weighted with fitted coeffi-
cients aJ and cJ that take into account the optical dipole
moments involving the relative motion of electrons and
holes in the exciton and continuum states, respectively.
The values of EHH, ΓHH0 , and σ
HH obtained by fits to the
PL spectra are also used to calculate the contribution
from AHH(~ω). For LH excitons, ELH, ΓLH0 , and σLH are
obtained from fits to the absorption spectra. The param-
eters ΓJc , and E
J
X are also fitted, while σ
J
c is taken to be
zero for simplicity, as we expect delocalized continuum
states to be less affected by local disorder.
Fig. 4 shows the obtained fits (black thin lines) and
the experimental absorption (colored thick lines). The
total contribution from HH (blue solid lines) and LH
excitons (magenta solid lines) are also shown together
with the corresponding continuum contributions (dashed
lines). Thin colored lines depict different n-states for
HH excitons. Our model thus reproduces very well
the entire absorption spectra for different lateral sizes
of NPLs. The fitting procedure results in exciton
binding energies equal to EHHX = 135 ± 2 meV and
ELHX = 301±4 meV, which are independent of the lateral
sizes to within the uncertainty. This is to be expected,
5since Lx, Ly > a
2D
B for all samples, and consistent with
our separable ansatz for the exciton wave functions on
which our model is based. Other fitting parameters are
listed in Table SMI of the Supplemental Material. Note
that all fit parameters do not depend on the lateral sizes
of the NPLs, as expected. The asymmetry of the HH
peak clearly depends on the presence of different exciton
COM motional states. The (1,3) state redshifts on
going from sample S5 to sample S1 due to the increase
of the lateral size Ly. In addition, the enhanced HH
asymmetry for the S1 sample results from the similar
contribution of (1,3) and (3,1) states.
In conclusion, we demonstrated that effects of the
lateral size of CdSe NPLs on PL and optical absorp-
tion spectra can be fully attributed to the quantized
exciton COM motion. The experimental spectra can
be reproduced theoretically on the basis of the simple
particle-in-a-box model for the translational motion
of the exciton within a NPL. Importantly, it was not
necessary to take into account size-dependent effects
of phonons on PL and absorption spectra. Our re-
sults show that variation of the lateral size of (quasi)
two-dimensional materials provides a tool to tune their
excitonic and therefore optoelectronic properties in
addition to modifying the thickness. The new insights
also open the road to studying nontrivial quantum
effects such as the Berry phase on the COM motion of
topological excitons in NPLs consisting of topological
insulator materials.
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